H
ypovitaminosis D is highly prevalent in older persons as a result of reduced capacity of the skin to produce vitamin D (Vit-D), reduced sunlight exposure due to decreased outdoor activity, and reduced vitamin dietary intake (1) . In older adults, Vit-D deficiency has been linked to poor health outcomes, such as fractures (2) , poor physical function (3), frailty (4), sarcopenia (5), pain (6) , nursing home admission (7), mortality (8) and chronic diseases such as osteoporosis, diabetes, cancer, cardiovascular, neurodegenerative, autoimmune, and infectious diseases (9 -11) .
Chronic depressive syndromes are also very common in older persons, especially in those affected by chronic medical illness, and strongly affect the risk of developing disability and death (12) . It has been hypothesized that hypovitaminosis D may contribute to late life depression (13) (14) (15) . However, only a few studies with limited sample size have examined the association between Vit-D and depression, with conflicting findings (15) (16) (17) (18) (19) . One large population-based cohort study (20) found that the levels of 25-hydroxyvitamin D [25(OH)D] were lower in participants with minor and major depression than in controls. In this study, we examined the longitudinal relationship between Vit-D and depressive symptoms over a 6-yr follow-up in a representative group of older adults. We hypothesized that participants with lower 25(OH)D levels at baseline would experience a steeper increase in severity of depressive symptoms and would be significantly more likely to develop clinically relevant depressed mood than those with higher 25(OH)D. Demonstrating a time sequence between Vit-D deficiency and depression would support further the hypothesis of a causal pathway that can be targeted for intervention.
Subjects and Methods

Study population
Participants were part of the InCHIANTI (Invecchiare in Chianti, aging in the Chianti area) Study, a prospective populationbased study of older persons in Tuscany (Italy) designed to investigate factors contributing to decline in mobility in later life. A description of the study rationale, design, and method is given elsewhere (21) . Briefly, in 1998 -1999, the sample was randomly selected from two sites, Greve in Chianti and Bagno a Ripoli, using a multistage stratified sampling method. Data collection included 1) a home interview concerning demographics, healthrelated behaviors, functional status, and cognitive function; 2) a medical examination including several performance-based tests of physical function conducted in the study clinic; and 3) 24-h urine collection and blood drawing. Participants were evaluated again at 3-yr (2001-2003 ) and 6-yr (2004 -2006) follow-up visits. All respondents received an extensive description of the study and signed an informed consent. The study protocol complies with the declaration of Helsinki and was approved by the Italian National Institute of Research and Care on Aging Ethical Committee.
The study population selection is summarized in Fig. 1 . Of the 1155 participants aged 65 yr or older enrolled in the study, 1055 (91.3%) donated a blood sample at enrollment. The subjects who did not participate in the blood drawing were generally older and had greater comorbidity than those who participated (22) . We additionally excluded 101 participants because of missing data on Vit-D status or depressive symptoms. Among the remaining 954 participants, 758 had available data on depressive symptoms at 3-yr follow-up (42 had missing data, 76 refused to participate in the survey, 11 were emigrated, and 67 were deceased), and 654 had available data on depressive symptoms 6-yr follow-up (68 had missing data, 30 refused, 18 emigrated, and 184 deceased). Overall, 152 participants (15.9%) did not participate at both follow-up sessions. Those lost at both followups, compared with participants who participated at least at one follow-up, were significantly older (80. 
Vit-D status
Vit-D status was measured at baseline by assessing circulating levels of 25(OH)D, which is the combined product of cutaneous synthesis from solar exposure and dietary sources. Morning fasting blood samples were collected after a 15-min rest. Aliquots of serum were stored at Ϫ80 C and never thawed before analysis. Serum 25(OH)D was measured by RIA (RIA kit; DiaSorin, Stillwater, MN). Intra-and interassay coefficients of variation were 8.1 and 10.2%, respectively. The assay consists of a two-step procedure (23) . The first step involves a rapid extraction of 25(OH)D and other hydroxylated metabolites with acetonitrile; after extraction, the treated sample is then assayed using an equilibrium RIA procedure that uses a 25(OH)D-specific antibody. Although there is no formal consensus on the optimal levels of 25(OH)D, Vit-D insufficiency is often defined as a 25(OH)D level of less 50 nmol/liter (24) . Only 25 participants (2.6%) of the sample, 22 women and two men, were taking vitamin supplements.
Depressive symptoms
Depressive symptoms were assessed at baseline and at the 3-and 6-yr follow-up visits using the Center for Epidemiological Studies-Depression Scale (CES-D) (25) . The CES-D is a 20-item self-report scale, ranging from 0 -60. The CES-D has been shown to have good psychometric properties in assessing depressive symptoms in older adults (26) , also in an Italian sample (27) . A score of 16 or higher is generally considered to represent clinically relevant depressed mood (25) .
Covariates
The following covariates assessed at baseline were selected: age, gender, education (years), smoking habit (current/former/ nonsmoker), alcohol use (Ͻ30 vs. Ն30 g/d), MMSE score, body mass index (BMI), season of data collection (winter, spring, summer, and fall), number of prescribed and nonprescribed drugs, and use of antidepressants and vitamin D supplements coded according to Anatomical Therapeutic Chemical classification system. Level of physical activity in the previous 12 months was classified as sedentary/light/moderate-high (28) . Number of activities of daily living (ADL) (0 -6) and instrumental ADL (IADL) (0 -8) disabilities was defined as self-report of inability or needing personal help in performing any basic ADL or IADL (29) . Total number of chronic diseases (heart failure, coronary heart disease including angina and myocardial infarction, stroke, chronic obstructive lung disease, hypertension, diabetes, cancer, dementia, and hip arthritis) was calculated as a global marker of poor physical health; diseases were ascertained according to standardized, preestablished criteria and algorithms based upon those used in the Women's Health and Aging Study (30) using information on self-reported history, pharmacological treatments, medical exam data, and hospital discharge records. The same method was used to ascertain osteoporosis. The SPPB (0 -12; higher scores indicate better performance) was used to assess lower extremity function using a standard protocol as described elsewhere (31) . Energy and Vit-D daily dietary intake were collected by the food-frequency questionnaire created for the European Prospective Investigation on Cancer and nutrition (EPIC) study, previously validated in the InCHIANTI population (32) . Creatinine clearance was calculated using the Cockcroft-Gault formula adjusted for 1.73 body surface area calculated according to the DuBois and Dubois formula (33). Serum creatinine for this calculation was measured using a standard Jaffe method (Roche Diagnostics, GmbH, Mannheim, Germany). Serum intact PTH was measured with a two-site immunoradiometric assay kit (Ntact PTHSP; DiaSorin); intra-and interassay coefficients of variation were less than 3.0 and 5.5%, respectively. PTH levels were dichotomized at the median (high vs. low; median ϭ 22.2 pg/ml).
Statistical analyses
Variables were reported as percentage or means Ϯ SD. All analyses were stratified by sex due to sex differences in 25(OH)D levels. Differences in baseline characteristics were tested according to 25 In these analyses, among the 954 participants available at enrollment, 298 subjects with prevalent depressed mood at baseline were excluded; in addition, 17 subjects who did not participate at both follow-up sessions and who did not die during the follow-up period were also excluded. Thus, the study sample for time-to-event analyses consisted of 639 subjects. Participants who survived without developing depressed mood were censored at the date of the last follow-up; those who died without developing depressed mood were censored at the time of their death. Hazard ratios (HR) and 95% confidence intervals (CI) were used to compare rates of depressed mood across 25(OH)D levels. Multivariable analyses were initially adjusted for age and baseline CES-D score and then additionally adjusted for the previously selected covariates that were significantly related to the outcome. The analyses were repeated in a subset of healthy participants with no ADL disabilities and with SPPB of 9 or higher at enrollment. Finally, an adjusted Cox proportional hazards model was fit including a baseline 25(OH)D level-by-sex interaction term to test whether associations were consistent across gender. All analyses were performed using SAS (version 8.2; SAS Institute, Inc., Cary, NC) with a statistical significance level set at P Ͻ 0.05.
Results
The study sample included 531 women (55.7%) and 423 men (44.3%) with average (ϮSD) age of 75.0 (Ϯ7.1) and 73.6 (Ϯ6.5) yr, respectively. Prevalence of depressed mood was 42% in women and 18.0% in men. As shown in Fig. 2, 74 .6% of women and 50.4% of men had serum 25(OH)D less than 50 nmol/liter (P Ͻ 0.0001). Overall, 72.2% of participants with depressed mood and 60.0% of those without depressed mood at baseline had levels of 25(OH)D less than 50 nmol/liter (P ϭ 0.0003). Table 1 describes the characteristics of participants for the total baseline sample and according to 25(OH)D tertiles (tertile 1, Ͻ31.7 nmol/liter; tertile 2, Ն31.7 to Ͻ53.9 nmol/liter; tertile 3, Ն53.9 nmol/liter). Participants with low levels of 25(OH)D were older, had a higher number of chronic diseases, were more likely to be disabled and sedentary, had lower SPPB scores, and were more likely to have participated in the data collection during winter. Men with low 25(OH)D also had low-energy dietary intake. Furthermore, women with low 25(OH)D were more likely to take antidepressants, had lower BMI, and tended to have higher PTH, lower MMSE scores, and fewer years of education. At baseline, men and women in the higher 25(OH)D tertiles tended to have fewer depressive symptoms than those in the higher tertiles, although differences across tertiles were not statistically significant. Generalized estimating equation models adjusted for age, education, MMSE score, physical activity, ADL and IADL disabilities, BMI, use of antidepressants, number of chronic diseases, SPPB score, energy intake, high PTH, and season of data collection were fit to compare average changes in depressive symptoms over time across baseline 25(OH)D levels ( Table 2 ). Women in tertiles 1 and 2, compared with those in the highest tertile, experienced increases in CES-D scores of, respectively, 2.2 (SE ϭ 1.0; P ϭ 0.03) and 1.1 (SE ϭ 1.0; P ϭ 0.26) points higher after 3 yr, and 2.5 (SE ϭ 1.3; P ϭ 0.05) and 1.7 (SE ϭ 1.2; P ϭ 0.16) points higher after 6 yr. Similarly, men in tertiles 1 and 2, compared with those in the highest tertile, experienced increases in CES-D scores of 2.1 (SE ϭ 1.2; P ϭ 0.06) and 1.9 (SE ϭ 0.9; P ϭ 0.03) points higher after 3 yr and 0.7 (SE ϭ 1.5; P ϭ 0.63) and 1.3 (SE ϭ 0.8; P ϭ 0.12) points higher after 6 yr. Analogous results were obtained when 25(OH)D was dichotomized using a cutoff threshold of 50 nmol/liter (Table 2 and Fig. 3 ). Among women, the 3-and 6-yr average adjusted increases in CES-D scores were, respectively 2.1 (SE ϭ 0.9; P ϭ 0.02) and 2.2 (SE ϭ 1.1; P ϭ 0.04) points higher for women with 25(OH)D less than 50 nmol/liter compared with those with levels of 50 nmol/ liter or higher. Among men, the 3-and 6-yr average increases were, respectively, 1.9 (SE ϭ 0.8; P ϭ 0.01) and 1.1 (SE ϭ 0.8; P ϭ 0.20) points higher for those with 25(OH)D less than 50 nmol/liter compared with those with levels of 50 nmol/liter or higher, although the differential change in CES-D score according to 25(OH)D level was statistically significant only at 3-yr follow-up.
Lower baseline serum levels of 25(OH)D were also associated with higher probability of developing depressed mood during the follow-up (Table 3) . Of the 298 women and 342 men who were free of the depressed mood at baseline, 130 women (43.6%) and 70 men (20.5%) developed depressed mood. After adjustment for age, baseline CES-D, ADL disabilities, use of antidepressants, number of chronic diseases, SPPB, high PTH, and season of data collection, women in the lowest tertile of 25(OH)D had a higher hazard (HR ϭ 2.6; 95% CI ϭ 1.4 -4.6; P ϭ 0.002) of developing depressed mood during 6 yr of follow-up compared with those in the highest tertile. Similarly, men in the lowest tertile, compared with those in the highest tertile, had a higher hazard (HR ϭ 2.0; 95% CI ϭ 1.0 -4.0; P ϭ 0.07) of developing depressed mood, although the association was not statistically significant. Analogous results were obtained using the cutoff of 50 nmol/liter; HR for new depression for women and men with lower level of 25(OH)D, compared with those with higher levels, were, respectively, 2.0 (95% CI ϭ 1.2-3.2; P ϭ 0.005) and 1.6 (95% CI ϭ 0.9 -2.8; P ϭ 0.1). To obtain a picture of the effect of Vit-D status free of the possible confounding effect of disability or poor physical functioning, we performed additional analyses restricted to a subset of 535 healthy participants with no ADL disabilities and SPPB of 9 or higher at baseline. Again, we found that women (HR ϭ 2.1; 95% CI ϭ 1.3-3.5; P ϭ 0.005) and men (HR ϭ 1.5; 95% CI ϭ 0.8 -2.7; P ϭ 0.2) with low levels of 25(OH)D had higher risk of developing depressed mood compared with those with higher levels (Table 3) .
To better interpret the difference in the strength of the association between 25(OH)D level and depression in women and men, we included a 25(OH)D status-by-sex interaction term in a fully adjusted Cox regression model predicting depression in the whole study sample. The interaction term was not statistically significant, suggesting that the nature of association between 25(OH)D and depression is substantially similar in the two sexes.
Discussion
Using data from a population-based study of older persons, we found evidence of a prospective independent association between circulating levels of 25(OH)D and depressive symptoms. Participants with low 25(OH)D serum levels experienced a grater increase in depressive symptoms over 6 yr of follow-up. Moreover, among participants free of clinically relevant depressive symptoms at baseline, a higher risk of developing clinically relevant depressive symptoms over time was found for those with low serum 25(OH)D. In the baseline sex-stratified analysis, men and women with higher 25(OH)D levels tended to have lower depressive symptoms, although the difference was statistically significant only in analyses that included both men and women.
It has been hypothesized (14) the association between Vit-D and depression may be difficult to capture in crosssectional analyses because clinically detectable mood disorders may take many years to develop.
Relatively few cross-sectional epidemiological studies have evaluated the relationship between Vit-D and depression in older adults, and results have been mixed. In one study (16) in participants with major depressive disorder and those with minor depression were comparable and 14% lower than those of nondepressed participants. More recently, a large cross-sectional study (19) of older adults in China found no associations between 25(OH)D levels and depressive symptoms as assessed by CES-D.
Different mechanisms through which Vit-D may potentially influence brain functions have been proposed (10 -12) . First of all, Vit-D may have a direct neuroregulatory activity. Vit-D receptors (VDR) and 25(OH)D3 1␣-hydroxylase, the cytochrome P450 that catalyzes the hydroxylation of calcidiol to calcitriol (the bioactive form of Vit-D), are widely distributed throughout the central nervous system (35). VDR gene polymorphisms in humans have been associated with cognitive impairment and depressive symptoms (36). Furthermore, Vit-D regulates the expression of important neurotrophic factors that affect neurotransmission and synaptic plasticity (11) . Moreover, Vit-D has been shown to be neuroprotective, notably by inducing the synthesis of calcium-binding proteins or by antioxidant mechanisms (10 -12) . Finally, the immunomodulatory activity of Vit-D has been related to recent evidence that inflammation may play a causal role in depression: Vit-D has been shown to down-regulate inflammatory mediators, such as nuclear factor B, which have been linked to sickness behavior, psychosocial stress, and depression (11, 37) .
Sex differences in the relationship between 25(OH)D and depression could be attributable to different factors. One explanation for the weaker association between 25(OH)D and depression in men could be the smaller number of men with low levels of 25(OH)D. Furthermore, in our study sample, women were older, and those with lower 25(OH)D showed specific characteristics (use of antidepressants, low BMI, MMSE, years of education, and high PTH) commonly associated with depression (12, 19) .
Our study has both strengths and limitations. A major strength of this study is the use of a large population-based sample with measured serum 25(OH)D, which is the best clinical indicator of Vit-D body store levels, and the longitudinal design. An important limitation of our study is the loss of participants to follow-up. Participants lost to follow-up were significantly older and more disabled and had poorer cognitive function and more chronic diseases compared with those available for longitudinal analysis; this could limit the generalization of the findings. Another limitation of this study is that depressive symptoms were evaluated by the CES-D questionnaire, and the diagnosis of depression was not confirmed by a clinical psychiatric diagnosis. However, the CES-D is a commonly used scale to measure depressive symptoms, has been widely used in older population-based studies, and has been shown to substantially converge with physician ratings of depression (26) . In addition, because of the long intervals between follow-up visits, we could not detect depressive episodes that started and remitted between subsequent visits. Finally, residual confounding in studies of Vit-D and depression should be considered. A variety of factors are associated with Vit-D, including age, physical activity, disability, and chronic diseases such as osteoporosis, diabetes, cancer, and cardiovascular, neurodegenerative, autoimmune, and infectious diseases (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Many of these factors are also associated with depression in older age (12) . In the present study, lower levels of 25(OH)D were associated with more disabilities and comorbidities and could have resulted in more incident unfavorable health events, which in turn could have increased depressive symptoms; even though our analysis was adjusted for an extensive array of potential confounders, we cannot exclude the hypothesis that some critical variable was not measured. In other terms, we cannot exclude that the association between Vit-D and depressive symptoms in this study could be still partially explained by residual confounding. However, the association between 25(OH)D and depressed mood remained significant after the selection of a subset of healthy participants with no disabilities and high physical function as measured by SPPB, a strong predictor of nursing home admission, disability in self-care tasks and mobility, and death among older adults (31) .
Despite limitations, we believe that our findings provide evidence of a prospective association between low Vit-D levels and the onset of depressive symptoms in older persons over time. Such evidence is not sufficient to conclude with certainty that there is a causal connection. However, our findings in conjunction with recent preclinical studies that confirmed the strong biological activity of Vit-D on brain function (11, 12, 16) suggests the hypothesis that normalization of Vit-D levels may positively contribute to the successful treatment of depression in older persons.
Hypovitaminosis D is highly prevalent throughout the world in the elderly (1). Potentially modifiable determinants of Vit-D status, such as consumption of Vit-D-rich food, fortification of foods, use of dietary supplements, and habits related to sun exposure, have been identified (9, 38) . Prevention of Vit-D deficiency in the elderly may become in the future a strategy to prevent the development of depressive mood in the elderly (39) and avoid its deleterious consequences on health (12) . In addition, normalization of Vit-D levels may be part of any depression treatment plans in older patients. These hypotheses should be tested in appropriately designed, randomized, controlled trials. Final author versions of articles are published online within 25 days of acceptance.
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